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Abstract 

Since its molecular characterisation, Ostreid lierpesvirus 1 (OsHV-1) has been regularly detected in Crassostrea gigas 
in France. Although its pathogenicity was demonstrated on larval stages, its involvement during mortality 
outbreaks at the juvenile stage was highly suspected but not evidenced. To investigate mortality outbreaks, the 
French National Network for Surveillance and Monitoring of Mollusc Health (REPAMO) carried out two surveys in 
juvenile C. gigas. The first survey lasted from 1998 to 2006 and was an epidemiological inquiry occurring when 
oyster farmers reported mortality outbreaks. The second survey, a longitudinal one, was set up in 1998 to complete 
the network observations on OsHV-1. Data analysis showed a specific pattern of mortality outbreaks associated 
with OsHV-1 detection. Ostreid herpesvirus 1 detection mainly appeared during the summer, suggesting the 
influence of the seawater temperature on its occurrence. It mostly presented a patchy distribution in the field in 
contrast to the nursery. Significant relationship between OsHV-1 detection and spat mortality was found, 
preferentially in sheltered and closed environments. The longitudinal survey confirmed most of the network 
observations. Although subsequent works particularly epidemiological surveys would be useful to confirm the 
causal link between the detection of OsHV-1 and the mortality outbreaks in juvenile C. gigas, the role of OsHV-1 in 
oyster mortality is progressing. 



Introduction 

In France, oyster production is mainly based on one 
species, the Pacific cupped oyster, Crassostrea gigas, 
which was introduced in the late 1960's and the early 
1970's and replaced the Portuguese oyster, C. angulata, 
after its disappearance along the French coasts in rela- 
tion to irido-like virus infections [1]. Since its introduc- 
tion in France, sporadic mortalities of both spat and 
adult C. gigas have been regularly observed in the sum- 
mertime along the French coasts [2]. Meanwhile, mas- 
sive mortalities were reported on larvae and spat of C. 
gigas first in hatcheries and nurseries and secondly in 
the field between 1991 and 1995 [3]. Since these events, 
recurrent and seasonal losses have occurred in France, 
mainly during the summer period. Pacific oyster 
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mortality outbreaks so called oyster summer mortalities 
were also reported in different parts of the world and 
may greatly affect C. gigas production. Oyster summer 
mortalities were reported for the first time in Japan in 
1915 [4] and then in the USA in the late 1950's [5]. In 
most cases, summer mortalities have not been explained 
by a single factor but rather by the combination of sev- 
eral parameters including physiological stress, environ- 
mental conditions and pathogenic organisms; notably, 
relationships between gonadal maturation, energy meta- 
bolism and mortalities were investigated in different 
countries and correlations were shown between the 
poor quantity of glycogen in spat, reproductive effort 
and mortality [2,6-9]. 

During the French 1991-1995 mortality outbreaks, a 
virus was detected associated with mortalities and assigned 
as a member of the Herpesviridae family [10,11]. The first 
description of herpes-like virus associated with mollusc 
mortality was reported in 1972 in adult oysters Crassostrea 
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virginica of the east coast of the USA [12]. Since this date, 
herpes-hke viruses have been associated with significant 
mortaUty rates in other mollusc species such as oysters 
[11,13-16], scallops [17], clams [18] and more recently 
abalones [19,20]. One of these viruses collected during a 
mortality outbreak of French Pacific oyster larvae in 1995 
was first characterised as a member of the Herpesviridae 
family and named Ostreid herpesvirus 1 (OsHV-1) [21,22]. 
Recently, this virus was reclassified in the order of Herpes- 
virales as the unique member of the family of Malacoher- 
pesviridae [23]. 

Transmission experiments of the disease to axenic 
Crassostrea gigas larvae demonstrated the pathogenicity 
of the virus for Pacific oyster larvae [24] and they also 
indicated that OsHV-1 is responsible for infections 
observed in larvae belonging to different bivalve species 
[25]. Mortality of juvenile Pacific oysters C. gigas and 
European flat oysters, Ostrea edulis has also been asso- 
ciated with herpes-like viruses [3,14,26-28] but the abil- 
ity of such a virus to kill juvenile oysters was not truly 
demonstrated [29]. 

Demonstrating the causal link between a pathogenic 
agent and mortalities is not only based on the ability to 
reproduce the disease but it must incorporate the idea 
of multiple causal factors. The development of a set of 
shaping principles to guide evaluation of theories of dis- 
ease causation was started by Koch [30] and refined 
then by Hill and Evans [31,32]. Hill and Evans formu- 
lated a list of postulates that are widely accepted guide- 
lines for evaluating evidence of causation in 
epidemiology. In the process to better understand oyster 
mortality outbreaks in France, the National Network for 
Surveillance and Monitoring of Mollusc Health called 
REPAMO (REseau de PAthologie des MOllusques) car- 
ried out both a systematic research of infectious agents 
including OsHV-1 and an epidemiological investigation 
when cases of C. gigas spat abnormal mortality were 
reported in France. This mainly passive surveillance was 
based on oyster farmer declarations and OsHV-1 detec- 
tion was performed by PCR which has been described 
as a technique of choice for detecting this virus in larvae 
and spat [33]. In parallel, a longitudinal survey, based on 
an active surveillance, was performed during the sum- 
mer 1998 in one particular site in order to complete the 
network observations. The objective was to characterise 
oyster spat mortality in this site, to estimate the mortal- 
ity level, and to establish the role of OsHV-1 on the 
reported mortality events. 

This paper reports the synthesis of nine years from 
1998 to 2006 of surveillance performed by the REPAMO 
network as well as the characteristics of mortality events 
associated with OsHV-1 detection in spat of Crassostrea 
gigas in France. It also discusses the implication of 
OsHV-1 in oyster spat mortality. 



Materials and methods 

Sampling strategy 

REPAMO network surveillance 

» Data from passive surveillance Abnormal mortality 
in mollusc aquaculture was defined in the European 
Directive 95/70/EC [34] as a sudden mortality affecting 
approximately 15% of stocks and occurring over a short 
period between two inspections (confirmed within 15 
days). In practice, the study of abnormal mortality out- 
breaks in France is the subject of a passive surveillance. 
Abnormal mollusc mortality cases are reported by farm- 
ers themselves to the competent authority (Maritim 
Affairs). The REPAMO network records reported mor- 
tality cases, collects representative samples of these mor- 
tality cases and performs analyses on these samples. For 
each mortality case, an epidemiological investigation is 
carried out with farmers by face to face interviewing 
using a questionnaire in order to collect information 
and explore the different factors that could be involved 
in the reported mortality events. This questionnaire is 
composed of different parts including questions about 
the animal sampled (origin, species, age, history includ- 
ing previous transfers, tide coefficient of leasing ground), 
the abnormal mortality event (date, description, site, 
affected species, determination of mortality rate), the 
growing methods (on bottom, racks, cages...) and the 
environmental parameters. 

Between 1998 and 2006, 200 and 62 samples of Cras- 
sostrea gigas spat (younger than one year old) were col- 
lected in the field and in inland facilities (nursery) 
respectively during abnormal mortality events represent- 
ing a total of 10 816 individuals. These samples came 
from the main oyster production areas (Normandy, 
North and South Brittany, Vendee, Charente-Maritime, 
Arcachon bay, Mediterranean lagoons). Collected oysters 
were mainly chosen among moribund individuals mean- 
ing individuals still alive but weakened. Among these 
262 collected samples, 145 were investigated both by 
PCR and histology and 117 only by PCR. On average, 
for each mortality case, 30 individuals were analysed by 
histology and 30 by PCR (6 pools of 5 oysters with as 
far as possible, 3 pools composed of moribund oysters 
and 3 of live oysters). 

♦ Data from active surveillance Between 1998 and 
2001, an active survey was performed by the REPAMO 
network in order to better know the OsHV-1 distribu- 
tion before and during the critical period of summer 
mortality of Crassostrea gigas spat in different produc- 
tion areas (Mediterranean lagoons, Charente-Maritime, 
Vendee, South Brittany). For each sampling site, three 
oyster bags were chosen and dead and live oysters con- 
tained in one liter volume of each bag were counted; 
mortality estimation was determined based on the aver- 
age of the counting of the three oyster bags. 
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During this period, 358 samples (25 individuals per 
sample) were collected monthly then weekly during the 
critical period and only OsHV-1 PCR analyses were per- 
formed on the animals sampled. 
Longitudinal survey 

In 1998, a survey was implemented in the site of Pointe 
de la Fumee (Charente-Maritime, France) which 
counted 156 leasing grounds belonging to 117 oyster 
farms. This site was chosen according to different fac- 
tors: (i) severe Cmssostrea gigas spat mortality outbreaks 
occurred in 1994 and 1995 for which OsHV-1 was 
detected, (ii) it is a traditional site of wild catch spat 
production for other French areas, (iii) spat are collected 
and kept in place for growing, (iv) rearing methods are 
standardised between oyster farms and (v) oyster spat 
can be easily collected every 15 days. For the pre-study 
in 1997, the local competent authority gave the name 
and address of each breeder of each lease of the site. 
Thirty breeders were randomly selected from the list 
using the RAND function of Excel software and asked 
for a questionnaire. Only eight of them were keeping 
some spat during the whole summer period and agreed 
to the study. 

Twelve leasing grounds belonging to the 8 farms were 
randomly chosen in this site for the survey in 1998 and 
three bags of around 1000 wild caught spat (10 mm 
size) were followed in each leasing ground. Between 
May 1*^' and September 8*, once a month in May and 
June and every two weeks in July and August, 30 live 
spat per bag were collected for OsHV-1 PCR analysis 
and mortality estimation was determined on each oyster 
bag by counting the dead and live oysters contained in 
one litre volume. Water temperature was measured 
every 15 min with a YSI probe. 

Sample analysis 
Histology 

A slice of tissues of each animal including most of the 
organs like digestive gland, mantle, gonad, gills, labial 
palps and kidney was fixed in Davidson's fixative for 48 
h, dehydrated and embedded in paraffin. One section 
per individual (2 to 3 |im thick) was cut and stained 
with haematoxylin-eosin for examination. 
Animal sample preparation and OsHV-1 PCR analysis 
Analyses were performed according to the methods 
described previously [33,35]. All analyses were per- 
formed on pools of animals and each pool contained 
five animals. Animals lesser than 12 mm were pooled in 
tubes, weighed, grounded adding double distilled water. 
For spat larger than 12 mm, animals were removed 
from the shell, dried, pooled in plastic bags, grounded 
with a rubber mallet and 0.5 g oyster tissues were 
removed and 1 mL of double distilled water was added. 
Spat homogenates were incubated in boiling water bath 



for 10 min, then mixed and centrifuged at 9000 g for 5 
min. Samples were analysed using the primer pair C2 
(CTCTTTACCATGAAGATACCCACC) and C6 
(GTGCACGGCTTACCATTTTT) and each 50 ^iL PCR 
reaction contained the appropriate reaction buffer (10 
mM Tris, pH 8.3; 50 mM KCl), 0.05 mM of each dNTP, 
100 ng of each primer, 2.5 mM MgCla, 2.5 U of DNA 
polymerase Goldstar (Eurogentec, Brussels, Belgium) 
and 1 [iL of template DNA. Amplifications were per- 
formed with an initial denaturation step at 94°C fol- 
lowed by 35 cycles at 94°C for 1 min, 50°C for 1 min 
and 72°C for 1 min with a final elongation at 72°C for 5 
min. PCR products were separated on 1% agarose gel 
containing ethidium bromide (0.1 |Jg/mL) and visualised 
using a UV transilluminator. The size of the expected 
PCR products was 709 bp. A sample is considered as 
positive when a pool is positive. 

During each PCR experiment, negative and positive 
controls were included; the presence of potential PCR 
inhibitors has been systemically investigated using an 
internal standard [36] when PCR results were negative. 

Data analysis 
Surveillance network data 

Variable definitions The OsHV-1 detection is the 
number of OsHV-1 positive samples. Months included 
March to November since no sample animal was col- 
lected from December to February. Tide influence was 
appreciated by tide coefficients divided into three cate- 
gories: low (< 50), medium (> 50 and < 70) and high (> 
70). The stressful effects were estimated by farmers and 
defined as a sudden environmental change (weather 
changes as strong rains, storm, hot sunny period, phyto- 
planctonic bloom and visible pollution) or a change of 
rearing conditions (transfer, oyster handling, spat 
removing from collectors) just before mortality observa- 
tions (less than one week); these data are subjective 
observations. Site typology was defined by four cate- 
gories: inland facilities (nursery), closed environments 
such as a lagoon, semi-closed environments such as an 
estuary and open environments. The mortality rate has 
been appreciated by the average percentage of mortality 
obtained by counting three oyster bags. The characteris- 
tics of the mortality were defined by its pattern (patchy, 
uniform or concentric) and its development (acute or 
chronic). 

Statistical procedures used ♦ Analysis of link between 
OsHV-1 and other factors 

Data from passive and active surveillance were used 
for these analyses. 

The GENMOD procedure of the SAS statistical soft- 
ware package version 9.1 using a binomial distribution 
and a probit link function was performed in order to 
identify which parameters including months, tide 
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influence, stressful effects and site typology were asso- 
ciated with the OsHV-1 detection. 
♦ Analysis of link between mortality and OsHV-1 

Data from passive surveillance were used for these 
analyses. 

A X test [37] was performed using SAS software ver- 
sion 9.1 to compare the OsHV-1 detection when sam- 
ples were either composed with only live oysters or 
moribund and live oysters. The same approach was per- 
formed to compare OsHV-1 detection when sampling 
events occurred within the week following the onset of 
mortality or later. 

Percentages of mortality were analysed by generalised 
linear mixed effect (probit link) (GLMM) using the 
GLIMMIX procedure with SAS software. Parameters of 
the GLMM were fitted with Laplacian approximation 
[38]. The likehood- ratio test and the Akaike information 
criterion (AIC) index were used to compare nested and 
non nested models of GLMM respectively [39]. OsHV-1 
detection and month were considered as fixed effects 
while site, year and their interaction were used as ran- 
dom effects. 

The GLIMMIX procedure was also used to describe 
the typology of mortality (random effect) associated to 
OsHV-1 detection within field or inland facilities. 
Data analysis for longitudinal monitoring of spat 
during the summer 1998 Globally the same statistical 
analysis was performed as reported above except that 
because 3 bags of oysters were clustered in the same 
leasing ground and the same bags and repeated observa- 
tions were made on the sampling site, responses were 
likely to be correlated, so, an autoregressive correlation 
was specified in the GENMOD procedure AR(1) [40] 
and the effect of the bags inside the same leasing 
ground was taken as a random effect in the lme4 
procedure. 



The temperature was determined as the mean over 24 h. 
Results 

Network surveillance 

OsHV- 1 detection (data from passive and active 
surveillance) 

From 1998 to 2006, no relevant pathogen agent was 
detected in histology in Crassostrea gigas spat. Abnor- 
mal tissue architecture and cellular changes were noted 
for 72% of the sampling events with an average of 44% 
of individuals concerned per sample. The main lesions 
were haemocyte infiltrations, mostly in connective tis- 
sues of gills and the digestive gland and nucleus 
abnormalities in the connective tissues of different 
organs mainly characterised by the presence of pycnotic 
nuclei and margined chromatin. 

For OsHV-1 detection by PGR, detectable amplicons 
were reported in 18% of the 620 samples screened, 
representing 93 and 21 sampling events from the passive 
and active surveillance respectively (Table 1). All PGR 
negative control reactions gave negative results whereas 
positive control reactions as well as reactions involving 
the internal standard gave positive results. OsVH-1 
detection was significantly increased when either sam- 
ples contained moribund oysters or sampling occurred 
within a week following the onset of mortality {p < 
0.001) (Table 2). 

OsHV-1 characteristics (data from passive and active 
surveillance) 

OsHV-1 was not detected in March and April while it 
was from May to November (Figure 1). However, its 
detection frequency was significantly higher from June 
to September than the other months (p < 0.05). 

The virus was detected in all growing areas where C. 
gigas is cultivated. It was mainly detected in sampling 
sites of Vendee, South Brittany and Charente-Maritime 



Table 1 Crassostrea gigas samples collected during passive and active surveillance in France between 1998 and 2006: 
OsHV-1 detection results by PCR 



Year 




Passive surveillance samples 






Active surveillance samples 






Number 


Number of OsHV- 


Number of 


OsHV-1 


Number 


Number of OsHV- 


Number of 


OsHV-1 




of 


1 negative 


OsHV-1 positive 


detection 


of 


1 negative 


OsHV-1 positive 


detection 




samples 


samples 


samples 


frequency (%) 


samples 


samples 


samples 


frequency (%) 


1998 


32 


29 


3 


9 


120 


110 


10 


8 


1999 


19 


15 


4 


21 


102 


98 


4 


4 


2000 


38 


30 


8 


21 


48 


44 


4 


8 


2001 


53 


33 


20 


38 


88 


85 


3 


3 


2002 


34 


12 


22 


65 










2003 


23 


12 


11 


48 










2004 


30 


19 


11 


37 










2005 


17 


7 


10 


59 










2006 


16 


12 


4 


25 










Total 


262 


169 


93 


35 


358 


337 


21 


6 
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Table 2 OsHV-1 PCR results (# of samples and %) according to the presence or absence of moribund oysters in the 
diagnosed sample and the onset of mortality 

OsHV-1 PCR results Diagnosed sample Onset of mortality 

Presence of moribund oysters Absence of moribund oysters Less than one week Greater than one week 

Positive 78-70% 36-7% 74-52% 19-16% 

Negative 34-30% 472-93% 67-48% 102-84% 

Total 112 508 141 121 



with respectively 35, 22 and 18% of positive results 
(Table 3). OsVH-1 detection was usually first reported 
in animals collected in the south of France (Mediterra- 
nean coasts) in later May, then in oyster spat collected 
along the Atlantic coast in June-July and finally in ani- 
mals from the English Channel in July- August (Figure 
2). OsHV-1 was detected more frequently in environ- 
ments such as inland facilities (nursery) and semi-closed 
environments (estuary and rivers) with 52 and 28% of 
positive samples, respectively {p < 0.05) (Figure 3). The 
tide height was not a significant factor influencing 
OsHV-1 detection in oyster spat {p > 0.05), while it had 
a significant impact on spat which experienced stressful 
conditions before mortality observation {p < 0.001) (data 
not shown). 

Abnormal mortality and OsHV- 1 detection (data from 
passive surveillance) 

During spat mortality outbreaks occurring from 1998 to 
2006, the mean frequency of OsHV-1 detection was 35% 
and varied from 9 to 65% according to the year. For ani- 
mals sampled when no mortality was reported, its 
annual mean frequency was 6% (Table 1). Virus detec- 
tion generally coincided with the beginning of oyster 
spat mortality and it was no longer detected once spat 
mortality dropped. 



The kinetics of OsHV-1 detection presented a similar 
pattern to the pattern reported for oyster spat mortality 
outbreaks (Figure 1) and these patterns were generally 
observed every year. For each geographical area, OsHV-1 
detection peak mainly corresponded to the maximum 
reported mortality cases; this peak was reached at different 
time points according to the areas with a temporal pro- 
gression from the south to the north of France (Figure 2). 

The effects of month and OsHV-1 detection were 
always significant in relation with mortality rate {p < 
0.0001), taking into account correlation inside site or in 
the same year and same site. 

Significant differences of mortality characteristics were 
observed for the spat mortality in the field associated 
with OsHV-1 detection {p < 0.001) with mainly a patchy 
distribution and a rapid development (Table 4). In con- 
trast, a uniform distribution of mortality was observed in 
nurseries, but it was mainly rapid {p < 0.001) (Table 4). 

Longitudinal survey 

During the period studied, mortality was minimal until 
late June. Recent mortalities were reported at the end of 
June and reached a maximum in July to decrease in 
August (Figure 4). The average cumulative mortality at 
the end of the survey was 30% and it was significantly 
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Figure 1 iVIonthly number of both Crassostrea gigas spat samples collected for mortality and OsHV-l positive samples among these 
samples during the years 1998 to 2006. 
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Table 3 Main mortality rate of Crassostrea gigas in the different French growing areas between 1998 and 2006 
(passive surveillance) and proportions of OsHV-1 positive samples in each area (passive and active surveillance) 





Mediterranean lagoons 


Arcachon Bay 


Charente-Maritime 


Vendee South Brittany 


North Brittany Normandy 


Mean mortality rate 


41% 


39% 


37% 


38% 43% 


40% 50% 


Mean OsHV-1 detection 


18% 


5% 


18% 


35% 22% 


14% 14% 



different between leasing grounds and between periods 
of sampling (p < 0.05). Temperature influence was also 
noted; mortality seemed to appear with the increasing of 
the mean day temperatures. 

OsHV-1 was detected in 18 oyster spat samples 
among the 200 analysed samples. All the PCR negative 
control reactions gave negative results whereas positive 
control reactions as well as reactions involving the inter- 
nal standard gave positive results. 

/ \ 

Mediterranean coasts 



18 
16 




English Cllannel coast 

14 , 
12 ■ 




□ OsHV-1 positive sampies ■ IVtortaiity sampies 



Figure 2 IVlonthly number of both Crassostrea gigas spat 
samples collected for mortality according to the French coasts 
and OsHV-1 positive samples among these samples during the 
years 1998 to 2006 



The first detection of OsHV-1 was at the end of June 
and it reached a peak at the beginning of July (Figures 4 
and Figure 5). OsHV-1 was no longer detected at the end 
of August and at the end of the study, OsHV-1 was 
detected in all leasing grounds except one (Figure 5). 
Virus detection was not systematic in the three bags of 
one leasing ground (generally 1 positive bag per leasing 
ground) but mainly presented a patchy distribution 
between bags and also between leasing grounds (Figure 5). 
OsHV-1 was detected just before mortalities began and its 
detection continued until the mortality peak was reached 
(Figure 4). The overall mortalities from May to August 
were not correlated with OsHV-1 detection; however, a 
significant correlation was found between the detection of 
virus and the beginning of mortalities {p < 0.05). 

Discussion 

Very few epidemiological studies have been carried out 
in order to elucidate the implication of OsHV-1 in Paci- 
fic oyster spat mortality. For oyster larvae, it is well 
established that OsHV-1 induced larval mortalities 
[24,35] and a causal link between OsHV-1 presence and 
larval mortality has been demonstrated [41]. For oyster 
spat, this link appears more difficult to establish, prob- 
ably due to major interactions with other factors. A 
longitudinal survey was set up in the west coast of the 
USA and suggested the implication of OsHV-1 as a 
potential factor of oyster spat mortalities but further 
investigations are needed to conclude on this point [28]. 
Throughout both surveys reported in the present study, 
many data were collected on OsVH-1 detection and 
spat mortality during several years. Data permitted to 
draw a pattern of OsHV-1 detection during oyster spat 
mortality events despite the fact that the majority of the 
reported data were issued from a passive surveillance. 
One of the consequences of passive surveillance could 
be the under declaration of mortality events and an esti- 
mation of certain parameters (mortality rate, mortality 
date, environmental parameters) [42,43]. Meanwhile, the 
longitudinal survey reinforced some results obtained 
through the surveillance network. 

In the present work, OsHV-1 was regularly detected 
when oyster spat mortality events occurred both in the 
field and in nurseries. No other relevant pathogenic 
agent except bacteria belonging to the Vibrio family was 
detected. Classical bacteriology has been systematically 
performed on mortality cases since 2002 (data not 
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OsHV-1 detection: 10% 
Number of observations: 105 
Mortality rate: 26% 



OsHV-1 detection: 52% 
Number of observations: 62 
Mortality rate: 46% 




OsHV-1 detection: 
Number of observations: 
Mortality rate: 



OsHV-1 detection: 
Number of observations: 
Mortality rate: 



I Closed environment ■ Open environment □ Semi-closed environment □Nuiseiy 



10% 

362 

5% 



28% 
91 

35% 



Figure 3 Relative proportions of the total number of OsHV-1 positive samples of Crassostrea gigas and mortality rate between 1998 
and 2006 according to the area typologies 



shown) and some virulent Vibrio strains (Vibrio aestuar- 
ianus, V. splendidus and V. harveyi) were detected in 
some mortality events [44]. Meanwhile, only five 
reported mortality cases presented a co-detection of 
OsHV-1 and Vibrio strains since 2002. Considering this 
low number of co-detection, the impact of bacteria was 
not taken into account in the present study on OsHV-1. 

Ostreid herpesvirus 1 was significantly detected during 
the summer which might suggest a link between sea- 
water temperature and OsHV-1 infection. The virus was 
first detected in southern France where temperatures 
became rapidly high and its detection followed a gradi- 
ent of increasing temperatures along the French coast. 



Table 4 Repartition of OslHV-l negative and positive 
samples according to mortality characteristics in the field 
(A) or nursery (B) (*p < 0.001; ns: non-significant) 



Field samples 



OsHV-1 PCR results 


IVIortality 


Mortality development 




pattern* 






Patchy Uniform 


Concentric Acute Chronic 


Positive 


44 14 


0 56 2 


Negative 


42 92 


8 120 22 


Total 


86 106 


8 1 76 24 


b 




Nursery samples 




OsHV-1 PCR results 


IVIortality 


Mortality development* 




pattern"' 






Patchy Uniform 


Concentric Acute Chronic 


Positive 


5 30 


0 34 1 


Negative 


3 24 


0 15 12 


Total 


8 54 


0 49 13 



In Fouras (Charente-Maritime), OsHV-1 detection was 
reported when an increase of mean day temperature 
occurred rapidly. A similar pattern was noted for mor- 
tality appearance. During inquiries, oyster farmers often 
mentioned an increase in seawater temperature before 
the mortality began. Indeed, OsHV-1 was often detected 
when temperatures increased quickly and it was no 
longer detected once temperatures were stable albeit 
remaining high. Similar observations have been reported 
in the field for oyster spat in Tomales Bay (USA) and in 
experimental conditions (Ifremer, La Tremblade, 
France): mortality occurred after a temperature spike 
[28,45]. The temperature influence on OsHV-1 detec- 
tion and virus expression was demonstrated for Crassos- 
trea gigas larvae [46] and strongly suspected for C. gigas 
spat [27,45,47,48]. Although the present work showed 
similar tendencies, a temperature threshold related to 
enhanced OsHV-1 expression or mortality appearance 
appears difficult to define precisely. In the literature, 
according to the site, the temperature threshold was 
variable: 22°C to 25°C in the west coast of the USA 
[27,48] and 18 to 20°C in France [9,49]. High seawater 
temperatures appear as one of the potential factors 
inducing OsHV-1 infection as observed with the Koi 
herpesvirus where temperatures between 18 and 28°C 
favoured the onset and the severity of the disease in fish 
[50,51]. The question of temperature influence (is it a 
rapid increase of seawater temperature or the reach of a 
minimum temperature threshold) on the onset of the 
disease remains open. Moreover, stressful conditions 
particularly rearing techniques seem to favour OsHV-1 
infection as reported in the present study and by 
Renault and Novoa [29]. Similar results have been 
reported for other members of Herpesviridales [52]. In 
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Figure 4 OsHV-1 detection (a) and mortality rate (b) associated 
at lease and oyster bag level during the 1998 survey. 



France, during the summer, many oyster transfers occur 
and these transfers are a source of stress for oysters 
(environment change, handling, transport) and thus may 
also amplify OsHV-1 detection. So, the temperature 
increase and cultural practices may favour OsHV-1 
detection during the summer and could affect the onset 
of the disease. 

Spat mortality outbreaks associated with OsVH-1 
detection generally presented a patchy distribution in 
the field. This particular pattern could be partly 
explained by the nature of the virus. Herpesviruses are 
enveloped and assumed to present a weak resistance in 
their environment. Thus, their transmission relies gener- 
ally on direct contact [52]. Ostreid herpesvirus 1 can be 
detected in seawater but its detection appears limited in 
time, the temperature being one of the most important 
factors [45,53]. Moreover, marine waters may contain 
various substances such as nucleases or antiviral factors 
that could destroy the virus or inhibit its activity [54]. 
These data suggest that when OsHV-1 is excreted by 
oysters, it can mainly infect close oysters. This phenom- 
enon was also observed during the longitudinal survey 



in Fouras: in one leasing ground, one oyster bag could 
be infected by OsHV-1 and not the other ones. In a 
bag, oysters were very close and OsHV-1 transmission 
might be easier. The probable limited dissemination of 
OsVH-1 in seawater could partly explain the observation 
of the patchy mortality distribution rather than a uni- 
form distribution as observed in nurseries. In nurseries, 
oysters are reared at high density, very close together 
and the seawater is often sequentially renewed. Virus 
dispersion and dilution may be important in the field 
due to the marine currents, hence the higher OsVH-1 
detection in sheltered environments such as estuaries. 

The hypothesis that OsHV-1 persistence is low in sea- 
water can raise a question about the effective ways of 
oyster contamination occurring in the field: either 
OsHV-1 is introduced in the same time as oysters or 
there are OsHV-1 reservoirs in the environment. Both 
hypotheses are not exclusive. The first suggestion is 
reinforced by the fact that the members of the Herpes- 
viridae family are generally able to persist in their host 
in an asymptomatic way, with virus expression being 
associated to stressful conditions [52]. Viral DNA and 
protein have been previously detected in asymptomatic 
adult oysters suggesting this possibility [55]. Oysters can 
also play the role of reservoir for OsHV-1 transmission. 
However, other molluscs can also play this role. Indeed, 
OsHV-1 was detected in several mollusc bivalves such 
as Ostrea edulis, Ruditapes philippinarum, Ruditapes 
decussatus, Pecten maximus [17,25] and some of these 
molluscs share the same habitat as Crassostrea gigas. 
Finally, the virus could be present in the field in differ- 
ent marine species other than mollusc bivalves acting as 
potential sources of viruses [56]. 

In our study, a relationship between OsHV-1 detec- 
tion and oyster mortality was demonstrated. An increase 
in OsHV-1 detection was significantly related to an 
increase in mortality rate. Based on Hill and Evans cri- 
teria [32], [31], a causal link is not totally defined but 
several elements emphasize it. Ostreid herpesvirus 1 was 
detected in different parts of the world [27,29,57] gener- 
ally associated with Crassostrea gigas spat mortality out- 
breaks. Positive significant correlations between spat 
mortality events and OsHV-1 detection were reported in 
the present study as in Tomales Bay in the USA [27,28]. 
Although specific macroscopic signs associated with 
OsHV-1 infection except bivalve mortality are missing 
due to the inexpressive nature of mollusc bivalves, his- 
tology examination demonstrates specific nucleus altera- 
tions (chromatin margination, nucleus hypertrophy) in 
infected animals as described by Renault et al. [11]. In 
the longitudinal survey, it was demonstrated that 
OsHV-1 was detected just before the beginning of oyster 
spat mortality and the virus DNA amounts increased 
during spat mortality as observed in the USA [28] and 
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Figure 5 Leases sampled during the 1998 survey and OsHV-1 detection and distribution among leases between May and August 
1998 



in a French area [58]. The criteria of consistency, speci- 
ficity, temporaUty, plausibility, coherence and analogy 
proposed by Evans and Hill [32] were fulfilled. Mean- 
while, the analysis of the causal link also revealed a lack 
of data and the need for epidemiological surveys. 
Indeed, no study has been developed to measure the 
strength of association or to evaluate the effectiveness of 



controlled measures or eradication regarding OsHV-1. It 
would be interesting to study the risk factors associated 
to OsHV-1 expression by carrying out a follow-up 
before, during and after mortalities with frequent animal 
sampling and to show the eventual role of human inter- 
vention on OsHV-1 infection in order to assign it as the 
cause of oyster spat death. Indeed, in our study, the 
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mortality rate was found to be significantly different 
between leasing grounds in Fouras emphasizing differ- 
ences of cultural practices between farmers, some prac- 
tices decreasing or increasing mortality rate. The 
availability of new diagnostic tools like real time PGR 
[58] will also help determine the minimum OsHV-1 
quantity associated with the observation of spat 
mortality. 

In conclusion, this study brought different arguments 
to reinforce the causal link between OsHV-1 detection 
and spat mortality but also highlighted the need for epi- 
demiological surveys. Our results suggest two measures 
for improving OsVH-1 detection during oyster mortality 
outbreaks: (1) collecting animals preferentially less than 
one week after mortality events and (2) carrying OsHV- 
1 PGR on both live and moribund oysters. This study 
also presented the originality to be one of the first stu- 
dies to report the use of molecular tools to detect a 
mollusc pathogen organism over such a long period 
(nine years) and could also serve for studying the new 
mortality oubreaks occurring in France since 2008. 
Indeed, since the summer of 2008, severe mortality 
events in cultured Pacific oyster spat have been 
reported. The pattern of the mortality notifications 
seemed to differ from other years, with a higher number 
of notifications and higher mortality intensity (up to 80- 
100% in some areas) [59,60]. OsHV-1, especially a newly 
described variant OsHV-l|ivar was frequently detected 
in affected populations [61]. Several studies have begun 
on the OsHV-l[ivar variant and our study could be used 
as a reference to compare OsHV-1 and its OsHV-l|ivar 
variant. 
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